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Four techniques are usd to characterize the re-
Jponse of Eastun Dsvonian gas shales to impulsive
loading.First, tho elastic moduli of the tramsverae,
Lsotropic shaloa am moaeurd. Then, tensilo strengths
Lro deducd frm an asamination of aampl~ - recovored
km impacta with eharactorized platu. Tldrd, shock
;elocitios, rdoaso wave velocitita mmdstraaa-strmin
+tha ●rm dotsminod frarneasured straab wave his-
tories at vaAous depths in the sbules. Fimally, the
pressura-vol~e relation for these shales ●ra deter-
mined fra shock velocitymea.aura ant to preamma as
iigh as 80 GPa (800 kbars) using ~cts fra hlgh-
oxplosive driven metal platoa.

INTRODWION

Successful prediction and optimization of explo-
SLVOeffects in geologic materials requires knowledge
of the conatitutive relations governing the rock re-
sponse to hplsive lomding. Such conatitutive rela-
tions must include desfiriptione of both wave propaga-
tion and fracture phenmena under dynamic stress. The
initial phase of our program therefore waa directed
toward acquiring theee bssic data. Here, s-e of the
d~ic properties ofgaa shales and the techniques
used to detezmine th~ are diacusaad.

EL4Sf’IC PROPERTIES

The delamination of the ●laatic constants of gas
shalas 1s the first etep towards understanding the
shalels response to both static and dynamic stroasea.
The sasples whose dynamic properties ue presented har~
were cut from two pieces of 4-inch-core fra the
Coluebla Oaa Cmpany Well No. 204u2, ona frm ●ppromi-
mately 1040 m and the other frm 1039 m below ths sur-
face. X-ray diffraction patterns showad twth to be
comon illite shalas whera the uanpositlon !s very find
silica or quartz grains and a minor remount of snhydrou!
clay minerals. Ths densities of the tw pieces are
2.7 Ng/m3 (1040 m in depth) and 2.4 Mg/m” (1039 m).
These Jcnsities span a :omnonly ~ccopted bulk density
of 2.5S MgjmJ For Eastern gaa shnlcs.

!lefsrences and illustrations at end of paper.

The r~etry of the e!aatic pro.rnrties of Easten
~pa ahalee is transverse isotropic. ;fiis means that
hare is an ●lastic symetry asis of r:tation perpen-
dicular to the bddimg and am elastic A.is of two-fold
l~etry in the bedding planes. The msplea usra prs-
tared for s-d speed mea~ants by cutting thm in-
;O plates 3S3to 60 n in dimmetarand 2.0 to 7.5 m
:bickat amgles 0’, 45”, and 90” to the bedding. Den-
Atlee were detumind using the imersion Methd. Thc
mnd speeds were det~ed fra the difference in tht
:tiean ultrasmic pulse took to traverse an aluminm
Uato and the combination of the same ●ludnm plate
md a gas tile plate. Secause of interferences of thi
Utrmeonic plses at the shale bedding interfaces, onl)
!irst pulse ~ivsls were measured.

We have aasud that the elastic wave velocities
Ire a linear function of density over the density rangt
Itudied here. The linear equations for the five dif-
~erent propagation modes measured are listed belnw witl
L description of each.

yl(b/S] = +1.b79 + 1.:77 9
p ■ 2..s to 2.7Mg/n3

il is the longitudinal velocity directed parallel to
the shale bedding,

V3(km/a) ■ +1.003 + l.aob ;
v u 2.4 to 2.7 14g/m3

Y3 is the longitudinal velocity directed perpendicular
to the shale badding.

V~[lm/a) ■ -1.332 ● 1.438 p
P ■ 2.4 to 2.7Mg/m3

Vb la both the shear velocity directed perpendicular t~
the bedding of the shale, and the shear velocity direc.
ted puallel to the bedding with particle motion per-
pendicular to the badding.

Vs[kds) ■ +1.1s1 + 1.24s p
P ■ 2.4 to 2.7 Mg/m3

V5 is a quasi-longitudinal velocity directed at .!S” to
the bedding.

v~(km{s) ■ +1.41b + O.b~; II
p ■ :,4 to :.7 \lg/lu3

V6 is the shear velocity directed parallel to the bed-
ding with the particlu motion alao parallel to the bed



2 DETERMININGTHE DYNAMICPROPERTIESOp DEVONIAN GAS SHALE

ding. along the beddimg, but shales OS a similar density,
2.S7 Mg/m3, spallmd as low as 45 MPa (0.45 kbars) if th(

These velocities are then converted to the elastic tension waves propagated perpendicular co the bedding.
moduli of a transverse isotropic solid. These are For shales having a density of 2.40 Mg/m3, the tensile
listed in Table 1 for the two density shales 5tUdiSd strengths were less than 40 MPa for both propagation
here and the average bulk density shale, 2.55 Wm3. directions. The stress rates involved in these experi-

ments are of the order of 1 GPa/us [10 kbars/us) and
DYWNIC TENSILE flRENGTliS

L

egions under tensim remain in tetiion Only” ib&t 21,1S
if theydo not span. Experiments involving Imer

In a shock wave’s divergent propagation frf,d both tress ratea and longer tension durations would find th
spherical and cylindrical s~etries, the initial POS- tensile strengths of the gas shales to be smaller.
itive compression rapidly converts into tension, par-
ticularly the tangential cmponant. This d~c tan- mtiseToPLANSmsss IMPULSES
sile stress is a major contributor to the fracture of
the s~ounding rock. Another fom of fracture, Properties of gas shales in response to dynamic
though ❑inor, caused by dynamic tensile stress is tress cart best be determined froa the analysis of tho
spalling. Spalling occurs behind a free surface at

1

egradstiort of stress impulses as they pass through thd
~hich a finite shock wave releases; the resulting hules. TIM technique JSad here 1s to measure the
rarefaction wave frm the free surface and rarefaction tress history of an impulse at several depths in a
wave following the shock collide am form a :?reading hale sample. The sample assembly consists of a stack
tension wave. Thus, the dynamic tensile strength of f shale plates ~11 40 mmin diameter. The first plata
rock is an important property to be deteminad when s 2 - thick, the second and third plates are 4.S m
attempting to predict the fracture patten of a rock. ck; and the foumh is 5 ~ thick. The impactor
Here a technique is described for determining che dy- Iate is usually 3 mthick. The density, elastic
namic tensile s“rength of gas shales; the results of operties, and orientation of alI plates are matched.
studies using this technique are presented. twean the shale plates of the smmple assembly are

O-ohm grids of O.01-m-thick mangaoin foil that cover
The technique involves impacting shales of known area of 40 -z in the center region of the plates.

shock impedance and orientation to baddir.~ with a thin
driver of known shock impedance generati.lg a well-

e resistance cf the grids are well defined as a
ction of stress under impact condition. The rnsis-

defined shock in the shale. The _ce of the im- snce is daducd fx,.m the voltage generatad at the Null
pactor plate is chosen so that the interface between int of a @seal Wh6atstone bridge caused by the chsng
the impactor and the sample sepuate after paaaage of n rmsiatance of the manganin grid. The sample-mangxni
the rmrefaction wave frm the reu frm Sufa- of tha ame stack la Blaced in a tamet olata and surrounded b
i.mpactor. Tha rarefaccion f- the impact sutiace of
the shales and their other surface which is free col-
lide in the middle region of the shale smplas cre-
ating a tension wave. The target plate in -.hich the
shale stiples arn mounted is recovered and the shales
are removed and examined for span. The experbantal
configuration is shown in Fig. 1.

Finure 1 shows a tYont view of a target Plate [al 1
-–—.–-.

elocity pina; see Fig. 2.

Eight experiments were conducted. The differences
etween th~ were the orientation of the badding to tha
irection of planar shock propagation, the shale dansi-
ies, and the stress levels, The response of the shale
o the shock loading and unloading was calculated using

casputmr code, GIJINSY2, written by Lynn Seaman of
tanford Rasaarch Institute. The theory on which the

and a ~ross-sectional view of an impact ‘upe}i.ment-(b). ode is based and an explanation of how-the code is use
The view, (a), shows the arrang=mnt of the shale sam- ss desctibed earlier by Seaman.l The analysis require
pies, O, of different densities and orientations are he stress histories, : correlation of regions on the
mounted in the target plate, B, Each sample is hacked tress profiles, the initial density of the shales, and
with low density (0.015 Mg/m3) plastic fc@m, H, to e initial gage locations. Fra the analysis the
facilitate mounting the specimens’ impact surfacea
flush with the target plate~s surface. “fie specimens

pecific volme, the particle velocity, and internal
nergy of the shales are correlated with the stress as

are held in the plate with a thin layer of epoxy. function of time at each gb~e location.
Shorting pins, C, of various lengths are used to de-
termine the velocity of the impsct plate, G. The The results of one expertient shwn here,
front surface of the impact plate is covered with a igs. 3 - S, are for a 2.44 !4g/n3 shalsJ with the stress
O.01-m-thick Al foil shorted to the projectile, 6. A ●ve propagating ~rpendicular to th~ bedding (90” ori-
pulse 1s generated on a repetitive time-marked uacil- tation). The longitudinal velocity in that direction
loscope sweep as each charged pin ia shorted. Th. s 3,3 km/s. Figure 3 shows three stress histories
muzzle of the 3-m-long, high-pressure gas gun uaad to educed from the reaistuaceti of 3 manganin gages lo-
drive the paujectile is labeled A, the target plate atad ●t three different depths in the shale (upper
mounting scrw? are lab-led I, and the unsupported ight hand comerof Fig. 3). All three historim have
area behind the impact plate is labeled P. c~ time base in ralation to ●ach other. The

tress-strain path calculated frm these histories is
The impedance of a material at lW stresses is the hewn in Fig. 4. The loading path shws a gradual

Iongitudinnl sound rpeed in the direction of propaga- umature indicative of gradual elastic to plastic
tion tiines the material’s density, The tension gener- ielding. The hysteresis between Ioadlng and un:oadln~
:ltedin these shales is the product of the impedance s very small showing strong eltistlc response ut this
IJi the impact ~l~te Md the sh~lu samples’ times the articultir stress level, 0.S I;Pn [S kburs). “he plot o
iwpaut piotu’+ t,clocit)” divided b!” the SUMCIf the two we velocity JY J function of particle velocity Lpro-
i.npe.l~nccs. me i:qmcc pl~tc matcri:ll used hure has ortlwidl to stress) clearly shows a f~st moving alusti
i’)BL\, Xo FOU:II.Ith~t shales h~vin~ J JensLty of oe, - 5.15 km/s, which yields to J slower stress w;~ve
‘ WI “lg,”n. . J ..,[uld :lL)t .+P:I1l Ulhkr [en SICYn ‘Ii hi ~h ,1S front which :{raduall!. Jlows wlt!l illcreuslng stress
MI ![PJ ~u,(.ti kb~rs) if :he tension waves propaguced (- 5,: km/s J. ‘rhe initifll release wave voloclty travei

.cAt - 5.s knis.
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The response of tho gas shales to hrge shocks,
Mmwesn 10 and 100 GPs, was detemined frrn skltane.
w ❑ easur-ents of the shock wave velocities through
pa shale samples and through a standard material whose
fugoniot ~uation of state under shack compression is
tiell ~. The experimental technique is described in
ietsil elsewhere.2 From the mmsured shock velocities
through both the shales end the stamdard, the mmss or
?afiicle velocities through the shales are deduced.

The shock state ofgam shale is capletely defind
#y knouing only the shale’s idtial domaity (PO), the
ohock velocity (U ), ad the pmrticle velocity (U).
mo pressure (P) &d capressiom (l-V/V) for tho 4hmle
me derivd frm the above three meters ueing the
Follouing relations

P “ IYOU5UP,v/v. ■ (lJ5- up)/u3.

Ihe locus of u , U data for muterial not under-
going transit~ons ifl stkcture or bonding is ususlly
linear

U9=C+SU
P“

tiugoniot data was collected for the two different
iensity shmles with shock. waves, propagating both per-
pendicular to and along the bedding. Data for
2.41 Mg/m3 shs.lo with the shock-usve prepagatimg per-
pendicular to the bedding are shown in Fig. 6, The
dsts can b. fit satisfactorily with two linemr fits
mlth a break betwaen tha ● t Spprtitsly
u ■ 5.7s kds. This indicates that there is a
discrete rduction in the VOIUMOof the shale at the
pressure associated with that shock pressure, 20 GPa.
The volume reduction at that pressure between the two
tiugoniots is 6% for the 2.4 Mg/m3 shales and 71 for th~
highar density shales. Since the major cmponant of
the gas shales is quartz (30$ to 60% by volume) the
change in volume can probably b. Attributed to the
m-quartz to stishovite phase tranefomation. The
transition pressure found here is 6 to 10 GPa sbmve
the quartz-stishovice pressure where the transmlss:or
occurs at 25-C (extrapolated frm high tmmp:::::xa~
static hik. pressure d8ta) and occur? under shock com-
pression. respectively. There ●re several exp~anat Lom
for this difference. The first is that the quartz,
floating in u matrix of kerogen and other material,,
requires time to ‘)ring up’1 in pressure and t5 trmnni-on
resulting in a shock wave, whose velocity is measured,
being followed by a relaxation wave cmumd by tha’:
transition. Below 20 GPa the shock wave is not oterml
by the relaxation wave for the sample thickmas umd
here, Sm. TIM ottior explanation is that beceusm of
shock heating caused by poro collapso ●nd caprossion
of the kerogen, tho normal equilibrium trsnsitiou
pressure for qumrtz is shifted to Itighorpressurcs.
The knawledge of which explanation is correct msy b.
important since the first ●xplanation would mesn that
the shalea may be able to absorb large amounta of ener,
at pre’wres as lw as 10 to 14 GPa.

This work was supported by the U.S. Department of
Energy, Division of Oil, GJS shale and In Situ
Technology.
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Table I. ElasticModuli of EasternGas Shales

Density(Mg/m3)

Cll (GPa)

C33 (GPa)

C44 (GW

C66 [GPa)

C12
(GPa)

C13 (GPa)

BulkModulus [GPa)

●
✎

✎
✎

✎
✎

✎
✎

✎
✎

✎
✎

✎
✎

✎
●

2.40

54

2F,

11

20

13

17

23

2.5S

62

33

14

23

16

17

26

2.70

71

41

18

26

19

16

29
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